Target inactivation analysis was used to determine the functional size of the charybdotoxin (ChTX) receptor in aortic and tracheal sarcolemmal membrane vesicles. This receptor has previously been shown to be an integral component of the high-conductance Ca2+-activated K+ (Maxi-K) channel in these smooth muscles. Exposure of either bovine aortic or bovine tracheal sarcolemma to high-energy irradiation results in disappearance of 125I-labeled ChTX binding activity as a monoexponential function of radiation dose; from these functions molecular masses of 88 ± 10 kDa and 89 ± 6 kDa, respectively, can be calculated. Similar results were obtained from radiation inactivation studies with the detergentsolubilized ChTX receptor from aortic sarcolemmal membranes. The effect of radiation on '7I-labeled ChTX binding is to decrease the number of functional ChTX receptors without affecting the affinity of receptors for the toxin, indicating that radiation is destroying, rather than altering, the binding site. The validity of the radiation inactivation technique in these membrane preparations is supported by data obtained in parallel experiments in which target sizes of the a, subunit of the L-type Ca2+ channel and 5'-nucleotidase were measured.
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The molecular masses determined for these entities are in excellent agreement with those expected from previous studies. The present data are discussed in terms of the recently determined subunit composition of the smooth muscle Maxi-K channel. In light of the target size, a single aol subunit heterodimer complex could serve as the ChTX receptor.
High-conductance Ca2+-activated K+ (Maxi-K) channels are present in a variety of excitable and nonexcitable cells (1, 2) . These channels not only display high conductance for K+ but also are highly selective for this ion. Maxi-K channels are potently blocked by extracellular application of several related peptidyl toxins purified from different scorpion venoms [e.g., charybdotoxin (ChTX), iberiotoxin, and limbatustoxin; for a review see ref. 3] . With the aid of such pharmacological tools, a single class of high-affinity binding sites for 125I-labeled ChTX (125I-ChTX) has been identified in different smooth muscle sarcolemmal membrane preparations, and these receptors have been shown to be directly associated with Maxi-K channels (4, 5) .
The peptide toxins have also been useful for determining the molecular constituents of the Maxi-K channel. Crosslinking experiments with smooth muscle membranes and 125I-ChTX in the presence of the bifunctional reagent disuccinimidyl suberate indicate that toxin probe is covalently incorporated into a protein that displays an apparent molecular weight of 31,000 upon SDS/PAGE (6). All pharmacological properties characteristic ofthe ChTX binding reaction are reflected in the labeling pattern of this 31,000 Mr protein, suggesting that it is a structural component of the Maxi-K channel. Recently, the ChTX receptor was purified to homogeneity from tracheal sarcolemma by using ChTX binding as a marker, and this preparation was shown after incorporation into phospholipid bilayers to yield a fully functional Maxi-K channel whose properties are identical to those ofthe native channel (7) . The purified preparation is composed of two subunits in an apparent 1:1 stoichiometry: a 62,000 Mr a subunit and a 31,000 Mr 13 subunit to which 1251-ChTX is crosslinked. This latter protein is heavily glycosylated by N-linked sugars, and, after deglycosylation, migrates as a 22,000 Mr protein upon SDS/PAGE. The purified ChTX receptor displays a very high sedimentation coefficient during sucrose density gradient centrifugation: 23 S. Taken together, these data suggest that the Maxi-K channel could exist as a complex of at least four af heterodimers. Such a structure would be similar to that of voltage-dependent K+ channels, which have been shown to be composed of tetramers of identical or related subunits (8) (9) (10) (11) (12) (13) .
Further insight into the structural features of the Maxi-K channel can be gained by irradiating the channel either in its native membrane environment or after detergent solubilization with high-energy electrons and determining the functional unit target size of the ChTX receptor by using target size analysis. This technique (14) , which has been successfully employed with a number of membrane-bound proteins (15) , has the advantage that the determination is independent of the purity of the preparation. For Crosslinking Experiments. 125I-ChTX crosslinking experiments were carried out as previously described (6) . Frozen nonirradiated and irradiated samples were thawed and incubated (0.15 mg of protein per 0.6 ml) with 120 pM 125I-ChTX, in the absence or presence of 10 nM ChTX, in 20 mM NaCl/20 mM Hepes-NaOH, pH 7.4/0.1% digitonin/0.1% bovine serum albumin for 30 min at room temperature.
Membranes were collected by centrifugation, and pellets were resuspended in 200 mM NaCl/10 mM 3-{[tris(hydroxymethyl)methyl]amino}propanesulfonic acid (Taps-NaOH, pH 9.0, and incubated with 0.18 mM disuccinimidyl suberate for 1 min. The reaction was stopped by addition of 500 mM Tris-HCI, pH 7.4, and the membranes were collected by centrifugation, washed twice, and resuspended in SDS/ PAGE sample buffer. Samples were subjected to SDS/PAGE using 12% acrylamide gels. Gels were dried and exposed at -700C to Kodak XAR-5 film using Lightning Plus intensifying screens.
Assay of 5'-Nucleotidase Activity. 5'-Nucleotidase activity was measured by a modification of the method described by After 10 min at 370C, the samples were placed in boiling water for 1 min and then kept on ice. The end product nucleosides were separated from residual nucleotides by loading a 0.4-ml aliquot of the reaction mixture onto a column (1.2-ml bed volume) of Dowex A1-2X anion-exchange resin, equilibrated at pH 5.0 with isopropyl alcohol/water (1:1, vol/vol) containing 5 mM adenosine. The column was eluted three times with 0.6 ml of the equilibration medium, and radioactivity was determined by liquid scintillation techniques. Controls were carried out with the medium devoid of enzyme or with boiled membranes, and all data were corrected for the radioactive blank.
Protein Determination. Protein concentration was determined by the method of Bradford (21) . Bovine serum albumin was used as a standard.
RESULTS
To determine the functional unit size of the ChTX receptor associated with the Maxi-K channel, three different smooth muscle preparations containing ChTX binding sites were irradiated with high-energy electrons, and binding activity was measured as a function of radiation dose. Results of typical experiments are shown in Fig. 1 for sarcolemmal membrane vesicles prepared from bovine aorta (Fig. 1A) and bovine trachea (Fig. 1B) or for the detergent-solubilized receptor from aortic sarcolemma (Fig. 1C) (Fig. 3A) , and for the enzyme 5'-nucleotidase (Fig. 3B) Target sizes are mean ± SEM from independent determinations made using either three (t) or four (*) different smooth muscle sarcolemmal membrane preparations. Table 1. dependent K+ channel, K,1.3, in neuronal tissue and lymphocytes (19, (24) (25) (26) . For example, it has been shown with rat brain synaptosomal membranes that I251-ChTX binds to a single class of sites which display the pharmacological properties characteristic of the K,1.3 channel (19) . Under the conditions employed in these experiments, 1251-ChTX does not associate with the neuronal' Maxi-K channel. In two independent experiments, when rat brain synaptosomal membranes are subjected to irradiation with high-energy electrons, u5I-ChTX binding activity is lost as a monoexponential function of radiation dose, from which an average target size of 253 kDa could be calculated (data not shown). Therefore, not only are the pharmacological properties different for these two types of ChTX receptors, but the functional target size of each receptor is also quite different. Table 1 . (B) 5'-Nucleotidase. Frozen bovine sarcolemmal membranes derived from either aorta (e) or trachea (A) were irradiated at the indicated doses at -135TC. The samples were then assayed for 5'-nucleotidase activity. In both cases, the decay curves were similar and linear with radiation dose. The figure represents data from individual experiments with each membrane preparation, and the estimated average target sizes from three different determinations are given in Table 1. binding site present in each membrane preparation is approximately 88 kDa. Since only the density of ChTX binding sites and not the affinity for ligand was affected as a function of radiation dose, these results strongly suggest that a single high-energy electron hit completely destroys the ChTX receptor functional unit, rather than this event causing an alteration in binding activity by affecting ligand Kd. The target sizes of two other proteins, the ai subunit of the multi-subunit L-type Ca2+ channel complex and 5'-nucleotidase, were measured in the same smooth muscle membranes, and sizes obtained for these entities were similar to those determined in other tissues, validating the experimental approach used here.
The 88-kDa target size obtained in these studies can be understood in terms of the recently determined subunit composition of the purified smooth muscle ChTX receptor (7) . The homogeneous tracheal ChTX receptor preparation is composed of two subunits: a 62,000 Mr nonglycosylated (a) subunit and a 31,000 Mr heavily glycosylated ((; 22,000 Mr core protein) subunit. We conclude that the a subunit forms the pore of the Maxi-K channel on the basis of the following observations: (i) amino acid sequence analysis of this protein (27) has revealed a high degree of homology with regions of primary sequence from the Ca2+-activated K+ channel encoded by the Drosophila slo gene (28, 29) ; (ii) a gene for the mammalian Maxi-K channel, mSlo, has recently been cloned from mouse brain and skeletal muscle, and the gene product is highly homologous to the channel from Drosophila (30) . The discrepancy between the size of the purified a subunit (62,000 Mr) and the predicted size of the mSlo gene product (130 kDa) may be the result of post-translational modification. However, it is important to note that the purified ChTX receptor preparation has Maxi-K channel activity in bilayers and displays the saime biophysical and pharmacological characteristics as the native channel (7) . In addition, all the pharmacological properties characteristic of the toxin binding reaction in membranes are preserved with the purified receptor. Since it is well documented that ChTX blocks Maxi-K channels by binding at the external entrance to the pore to occlude the ion conduction pathway (31, 32) , it might be expected that the functional unit size ofthe ChTX receptor would be 62 kDa, or a multiple of this value if the binding site were to be constructed through a homomultimer arrangement. Given the target size measured in the present investigation, it is unlikely that a single a subunit forms the ChTX receptor, unless the purified 62,000 Mr polypeptide is a proteolytic degradation product ofan 88,000 Mr precursor, or this protein migrates in an atypical fashion upon SDS/PAGE. Alternatively, it has been shown that 1251-ChTX is specifically crosslinked to the ( subunit in both tracheal (7) and aortic (6) Fig. 4 . Either both of the subunits are required for I251-ChTX binding such that radiation damage to one polypeptide results in loss of activity to both, or the a subunit is the receptor, but a hit on either subunit results in fragmentation of both due to intersubunit energy transfer. Energy transfer between subunits of membrane proteins has been documented in other systems (15) .
It is remarkable that the target size of the Maxi-K ChTX receptor is not a multiple of the size of a single aB heterodimer. Both the detergent-solubilized and purified ChTX receptors migrate as 23S particles upon sucrose density gradient centrifugation (6, 7) . Assuming that approximately Biochemistry: Garcia-Calvo et half of the mass of this particle is contributed by detergent, the size of the receptor protein complex would be about 400 kDa. This size estimate implies that a functional Maxi-K channel is composed of at least four ac3 heterodimers, which is in accord with recent findings on the tetrameric nature of voltage-gated K+ channels (8) (9) (10) (11) (12) (13) . Moreover, the interaction of ChTX with the Maxi-K channel appears to occur with a 1:1 stoichiometry. Thus, one formal possibility is that the target size of the Maxi-K ChTX receptor might be in the 350-400 kDa range. In support of such a prediction, the target size measured in the current study for the rat brain Kv1.3 ChTX receptor is 253 kDa. This voltage-dependent K+ channel has been cloned from rat neuronal tissue and it consists of a 58-kDa polypeptide (34) . The functional channel is presumed to exist as a four-subunit oligomer (12, 13) , and ChTX has been shown to inhibit this channel by a mechanism similar to its block of the Maxi-K channel-namely, by occlusion ofthe extracellular pore region (35, 36 
